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What's this talk about? i

Our full simulation framework made
. . e PP
giant leaps in the past few years :
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performance for most physics objects
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Tutorial v
This wiki serves the purpose of getting people started with the main aspects of the muon collider

detector software. The software suite is heavily based on CLIC's ILCSoft, with some custom

modifications that are collected in a dedicated Github area.

Introduction
Computing Setup
Event Generat ition
Simulation

The main focus is running a full-chain Geant4-based simulation, digitization and reconstruction,
as well as making performance studies. A few more advanced topics are listed separately and
can be then approached in any order, depending on your specific interest.

Development

« Computing Setup

Advanced Topics
« Event Generation

? Interesting Links
* Simulation
u « Digitization and Reconstruction

 Basics

 Closer look into the configuration

* Useful tools

« Realistic Beam-Induced-Background (BIB)
« Study of Object Performance

« Histogramming in Marlin (LCIO input files)

* LCTuple (plain ROOT ntuples)

This talk includes a non-exhaustive

list of ideas. Get in touch for more! Recommended entry point
https://mcdwiki.docs.cern.ch/tutorial/
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Core framework
changes



See also talk from A. Sailer

Migrating to key4HEP

Event Data Model: EDM4hﬂ)
Maybe the “single” most important
(software) change to do in the near term

Analysis

/
Generator Recon- |

struction

Overlay
Digitization

* Migrate to modern software
framework and interfaces :

. Support for multi-threaded f = TT/ I
processing (will require writing ’ R —— T ’
thread-safe algorithms) :

» Adopted by other future colliders,
but still flexible (i.e. EDM changes)

Simulation

Whizard,
Pythia, ...

Vertexing
Jet Clustering
Flavor Tagging

C++, Python

, | Marlin Gaudi
« We can’t afford to branch off |
anguage c++ c++
working unit Processor Algorithm
configuration language | XML Python
Work is already ongoing but it's a set up function Ei initialize
L ’ working function processEvent execute
significant effort and there are many wrap up function end finalize
. Transient data format LCIO anything
tasks to be pICked up. Executable Marlin kdrun
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https://indico.cern.ch/event/1175126/contributions/5024053/attachments/2527142/4347036/221012_MuonCollider_Key4hep_sailer.pdf

See talk from N. Bartosik

BIB generation and simulation

->->@>ﬂ—
The production of BIB files from - ey
MARS15 for the overlay is currentl
A veray's Siirenty cemen - @ - €D - _ |«
limited to few super-experts t111 -
- parallel jobs Tevent
 FLUKA-based pipeline in Overlay <
development ED - dgsavon < ; Signal + BIB
- Standardize workflow and E P X N events
Track reco.

include necessary software in . .
Figures credit:

docker images N. Bartosik
« Document or automate
procedure to lower the barrier for
entry MCParticles
E— ——
« Develop of random overlay of . e > > —
BIB: u* ; ; —
BIB-batches from FLUKA S R
e ]
I > I}
BIB: i* o > > m—
e > I
= I
Overlay
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https://indico.cern.ch/event/1175126/contributions/5024055/attachments/2526642/4346487/2022_10_12_bib_usage_v0.pdf

BIB overlay and beyond

Realistic digitisation of tracker modules available

« To save CPU time, design direct overlay of digitised hits

Similar opportunity for calorimeters - develop libraries of pre-digitised (i.e.
time-integrated) BIB contributions

BIB overlays for fast simulation (Delphes)?

« Build libraries of high-level objects to overlay directly in the fast simulation
e.g., combinatorial BIB tracks, BIB jets ...
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https://github.com/MuonColliderSoft/MuonCVXDDigitiser

Muon detectors as trackers

For historical (?) reasons, muon
detectors are implemented in the
framework as calorimeters

This makes it hard to run tracking
algorithms to reconstruct muons

Reconstruction has to go through
PandoraPFA reducing
flexibility/interpretability of results

L111177777777777/7/7/7/7///7///7/7/

EVENT: 4

RUN: -1

DETECTOR: MuColl_vl
COLLECTIONS: (see below)

L1111777/7777777//77/7/7//7/////7//7/

COLLECTION NAME

ECalBarrelCollection
ECalEndcapCollection
HCalBarrelCollection
HCalEndcapCollection
HCalRingCollection
InnerTrackerBarrelCollection
InnerTrackerEndcapCollection
MCParticle
OuterTrackerBarrelCollection
OuterTrackerEndcapCollection
VertexBarrelCollection
VertexEndcapCollection
YokeBarrelCollection
YokeEndcapCollection

DESY. | F. Meloni | Muon Collider Physics and Detector workshop | FNAL, 16/12/2022

COLLECTION TYPE

SimCalorimeterHit
SimCalorimeterHit
SimCalorimeterHit
SimCalorimeterHit
SimCalorimeterHit
SimTrackerHit
SimTrackerHit
MCParticle
SimTrackerHit
SimTrackerHit
SimTrackerHit
SimTrackerHit
SimCalorimeterHit
SimCalorimeterHit

NUMBER OF ELEMENTS

1181
1

Y4
226
18

6

(7}

19
4
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Tools and quality of life

Pandora PFA

* At core of the reconstruction of most
of our high-level objects
« Systematic lack of experts!

Multi-algorithm pattern
Columnar analysis recognition

 FCC-analysis framework uses
RDataFrame for event processing

» Processing LCTuples with coffea oo oo
(Lindsey Gray offered help during CoffeaTeam/coffea: Release v0.7.20

Lindsey Gray; Nicholas Smith; Benjamin Tovar; Andrzej Novak; Jayjeet Chakraborty; Peter Fackeldey; Nikolai Hartmann;
th t t : | th k ' Gordon Watts; Douglas Thain; Giordon Stark; BenGalewsky; Jonas Riibenach; Benjamin Fischer; Devin Taylor; MoAly98;
e u O rl a y a n S H Dmitry Kondratyev; Paul Gessinger; Yi-Mu "Enoch" Chen; Joosep Pata; Anna Woodard; Andreas Albert; slehti; Zoe Surma;

Alexx Perloff; Kevin Pedro; dnoonan08; Andrew Hennessee; Karol Krizka; kmohrman; Lukas

Basic tools and wrappers for enabling not-too-alien syntax when running columnar Collider HEP analysis.

Preview >
Documentation s o >

d Sma” CO ntri butions Can make a CoffeaTeam/coffea-v0.7.20.zip 12.0 MB @ Preview & Download
d iffe re n Ce md5:05e048957e6a30757919dcea060dbcaa @
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https://github.com/HEP-FCC/FCCAnalyses
https://github.com/CoffeaTeam/coffea/tree/v0.7.20

Knowledge transfer
from the LHC



Jets

s =3 TeVu* u collisions, Vs = 1.5 TeV BIB overlay
| 2 = Wl £ i ) LI TR L A 3 !

Obvious place where to transfer § g I
knowledge from LHC —2°0F Muon collider E
T 200 - Simulation .
- Pile-up (BIB) subtraction g | O#<0<0Mad :
. . = 150 =
» Jet energy calibration : g
- Reconstruction of boosted objects / 100F |- simuated points 3
substructure techniques 50F — fit result -
- N PR S SR W S SR R N TR S SR S R

0 50 100 150 200
Jet P, [GeV]

BIB rejection based on tracks introduces _ 18=3TeVuw i collsions, 5= 1.5 TeV BIB overlay
inefficiencies where tracking -
. . Q0 09 - —_— 1 4 —]
performance still suboptimal £ osE —— ]
o V.Oof 3
< - = ]
« Develop more sophisticated criteria £ %7F Muon Collider E
. . ® o6F I k:
« Study simple adjustments, e.g., g 0CF Simulation E
. 5§ 0.5F =
setting an upper energy threshold to 3 ) :
he BI i F ]
the BIB cleaning 03E — E
C . ! L 1 L N . 1 | L 1 L L | 1 "
0.5 1 1.5

True jet 0 [rad]
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Go beyond SV-based flavour tagging

Currently relying on robust flavour
tagging algorithm based on the presence
of secondary vertices

Need to exploit all the information that is
available

* Track impact parameter
» Charged leptons from meson
decays

Move away from tracking inputs based
on double-layer filtering

Develop your favourite machine learning
approach
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b tagging efficiency

jet

jet

displaced

tracks
lepton

Sketch: 1712.07158
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https://arxiv.org/abs/1712.07158

Taus
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Defining standards

Some of you might be interested in

simply evaluating the sensitivity of N lsr NATIONAL INSTITUTE OF .
: : : STANDARDS AND TECHNOLOGY
your favourite physics channel using N ER AR e COTIERCE

the state-of-the-art simulation

» Started work on defining standard
working points for tracks (see

N Bruhwiler's talk) Combining with track filter
) Fake tracks/ t A ffici
» Need to do the same for all other e (small Sample)

reconstructed physics objects Unfiltered 72,765 100%

Track filter only 2,887 96%

Greatly lower the barrier of entry for Both track and cluster | 2,080 95%
. . ) ) filter (loose)

performlng phySICS StUdleS Wlth fU” Both track and cluster |1,703 95%
simulation flter (tight)

N.Bruhwiler
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https://drive.google.com/file/d/1s4BPafnoIeS4D8AFYqjqNp5rxMw3RV6R/view
https://indico.cern.ch/event/1224307/contributions/5150454/attachments/2552372/4397311/Cluster_filtering.pdf

Forward detectors
and
physics



The forward region

Instrumenting the forward region (down

to 0.1 degrees from the beam axis)
would strongly boost the physics
potential of a muon collider

Need to design the detector
(technology? strategy?)
Investigate integration with
accelerator (focusing magnets?)
Insert detector in simulation
Design dedicated reconstruction
algorithms

Evaluate impact on physics

Bonus interplay with luminosity

DESY.

measurements!

fraction

0.12¢
0.10
0.08}
0.06+
0.04+
0.02

0.00}

background

derivative

marginal

pC 14
mg = 100 GeV

M.Ruhdorfer

mainly affects kz:
e 1.2% — 5.1%
® 0.34% — 1.4%

Removing forward tagging

M.Forslund
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https://indico.cern.ch/event/1175126/contributions/5025520/attachments/2526581/4345845/Muon_Collider_Ruhdorfer.pdf
https://indico.fnal.gov/event/56615/contributions/255035/attachments/162410/214663/MC_HPrec_ForTalk.pdf

The ultra-forward region

Monte Carlo simulator | MARS15 | MARS15 | FLUKA | FLUKA | FLUKA |
Beam energy [GeV]| 62.5 750 750 1500 5000
u_decav leneth [m] 3.9.-10° 46,7 - 10° 46.7 - 103 93.5 - 10° 311.7.10°

p decay/m/bunch | 51.3-105 | 43.105 | 43-105 | 2.1-10°5 | 0.64-10°
Photons (E- > 0.1 MeV) 170 - 10° 86 - 10° B1-10° 70 - 10° 107 -10°
Neutrons (E,, > 1 MeV) 65 - 106 76 - 106 110 - 108 91-10° 101 - 108
Electrons & positrons (E.+ > 0.1 MeV) 1.3-108 0.75 - 106 0.86 - 106 1.1.10° 0.92 - 108
Charged hadroms (Ej+ > 0.1 MeV) 0.011-10% | 0.032-10% | 0.017-10° | 0.020-10% | 0.044-10°
Muons (E,+ > 0.1 MeV) 0.0012-10° | 0.0015-10° | 0.0031-10° | 0.0033-10° | 0.0048 - 10°

The straight sections of the collider complex have a unique potential to study
high-energy neutrino scattering

« 10°/ m/bunch x 100 m x 10° kHz x 107 s/year = 2 x 10° neutrinos year
« Neutrino interaction probability 4 x 1071 x [E/TeV] x [L/m] x [density/g cm?-3]
* At 1 km, the neutrino beam section will be O(10 cm)

Same as for forward tagger, we need to design / implement and evaluate the

potential of such a detector

DESY.
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Towards 10 TeV



See talk from L. Buonincontri

Towards a 10 TeV detector

The design of the 3 TeV CLIC detector
is not suitable for 10 TeV

» Tracker layout and magnetic field
strength might need an
optimisation (beyond the MDI)

» The calorimeters can’t fully
contain the showers

* Not obvious that a high-precision
muon system is needed (at least
in barrel region)

0.05

0.04

0.03

0.02

Fraction of energy released in N-th layer

0.01

|JI]|\IW‘IH|I|\I‘\III|I11

| ! | | ! | 1 | 1 1 | L | | 1 | I I A 4
10 20 30 40 50 60 70

Start with simplified studies based on 0~
particle guns shot on simplified

geometries to define layout and

technology.

o

» Refine and integrate later
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https://indico.cern.ch/event/1175126/contributions/5024063/attachments/2527888/4348724/Toward%2010%20TeV%20detector%20studies_LauraB.pdf

Towards 10 TeV reconstruction

The reconstruction algorithms that we designed (or simply inherited) at 3 TeV are
not guaranteed to work at 10 TeV.

DESY.

Significantly different energy regime

Higher detector granularity might require new approaches

Different BIB and MDI

Jet Energy

500 GeV

-

Jet Radius
R=2M_-03.0.8

.
Small boost

\Y

Salp

~ ~I

R=0.1-0.2 R<0.05

Medium Boost 9

per Boost

P. Harris
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https://indico.cern.ch/event/1037447/contributions/4379015/attachments/2257657/3831402/PCH_MUonCollider_1_6_21.pdf

Come to our meetings!

Advertise your work
Get feedback
Keep the community informed

Find partners to turn your
framework contribution into a
public result

Tuesdays at 16:00 CERN

https://indico.cern.ch/cateqory/13145/

« Alternating between general
and technical meetings

December 2022

Physics and Detector Simulation

[  oeDec Physics an

November 2022

#  22Nov Physics an

October 2022

E  250ct Physics an

H  o40ct Physics an

September 2022

#  oesept Physics an

August 2022

E  23Aug Physics an
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d Detector simulation

d Detector simulation

d Detector simulation

d Detector simulation

d Detector simulation

d Detector simulation
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https://indico.cern.ch/category/13145/

Thank you!



